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ABSTRACT 


In  this  report,  the  effects  of  ion  implantation  on  two  kinds  of  electroplated 
chromium  have  been  studied.  Both  hard  chromium  and  low  contraction  chromium 
were  plated  onto  samples  of  4340  grade  steel  and  subsequently  implanted  with  or 
Ar*  at  atom  energies  of  75  keV.  The  dose  was  vari^  from  9.4  x  10^^  to  3.1  x  10*® 
atoms/cm^  and  the  implantations  were  conducted  at  both  room  temperature  and  500°C. 
SIMS  and  AES  analyses,  Knoop  microhardness,  and  pin-on-disk  wear  testing  were 
used  to  study  the  effects  of  ion  implantation  on  the  surface  properties  of  the  chromium 
plating. 

The  greatest  improvement  in  the  properties  was  observed  for  the  nitrogen 
implantations.  In  general,  the  hardness,  wear,  and  friction  properties  improved  with  an 
increasing  nitrogen  dose.  For  both  kinds  of  chromium,  the  nitrogen  implantation 
resulted  in  a  50%  reduction  in  the  coefficient  of  friction  and  a  measurable  decrease  in 
the  wear  rate.  At  the  intermediate  doses  tested,  some  of  the  samples  implanted  with 
nitrogen  at  elevated  temperature  showed  improved  friction  and  wear  properties 
compared  to  the  room  temperature  samples  implanted  at  the  same  condition.  The 
elevated  temperature  implantations  also  appeared  to  decrease  the  hardness  of  the  bulk 
chromium.  For  the  room  temperature,  nitrogen  implantations,  the  hardness  was 
increased  three  times  that  of  the  unimplanted  hard  chromium  and  slightly  less  than 
twice  that  of  the  unimplanted  low  contraction  chromium.  At  the  highest  dose  tested, 
the  maximum  nitrogen  concentration  reached  approximately  40  at%  for  both  the  room 
and  elevated  temperature  conditions. 


vii 


1.  INTRODUCTION  AND  HISTORICAL  REVIEW 

Ion  implantation  is  a  surface  modification  technique  that  has  been  used  in  a 
variety  of  applications  over  the  past  several  decades.  As  early  as  the  1960’s,  the 
electronics  industry  began  using  ion  implantation  to  change  the  electrical  properties  of 
semiconductors^  In  the  early  1970’s,  the  Atomic  Energy  Research  Establishment  in 
Harwell,  England,  headed  by  G.  Deamaley,  explored  the  use  of  ion  implantation  for 
changing  the  tribological  properties  of  production  tools^.  Since  the  1970’s,  a 
significant  number  of  articles,  books,  and  conferences  have  been  entirely  devoted  to 
the  non-semiconductor  applications  of  ion  implantation.  These  studies  have  included 
investigating  the  wear,  friction,  hardness,  fatigue,  corrosion,  and  oxidation  behavior  of 
a  variety  of  materials.  Materials  such  as  metals,  ceramics,  composites,  and  even 
plastics  have  all  received  recent  attention^'*. 

Ion  implantation  offers  some  unique  properties  over  other  conventional  surface 
treatments  such  as  plating,  case  hardening,  or  alloying.  Since  ion  implantation  is  a 
non-thermodynamic  process,  solid-solubility  limits  in  a  material  can  be  exceeded. 

Also,  there  are  no  adhesion  or  delamination  problems  that  are  associated  with  plating 
because  the  implanted  species  become  an  integral  part  of  the  base  material.  Ion 
implantation  is  a  low  temperature  process  and  therefore,  does  not  change  the  properties 
of  the  bulk  material.  It  also  causes  no  significant  dimensional  changes  in  the 
component.  Finally,  it  is  a  highly  repeatable  process  and  is  capable  of  extremely 
controllable  depth  concentrations.  The  major  disadvantages  of  the  technique  are  that  it 
provides  only  a  shallow  penetration  into  the  part,  it  is  a  line-of-sight  process,  and  there 
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are  still  relatively  expensive  equipment  and  processing  costs  associated  with 
implantation.  The  development  of  new  equipment  and  processing  techniques  is, 
however,  attempting  to  overcome  the  limitations  of  conventional  ion  implantation. 

1.1  Ion  Implantation  Principles 

1.1.1  Process 

Ion  implantation  is  the  process  of  modifying  the  physical  or  chemical  surface 
properties  of  a  solid  material  by  embedding  it  with  ions  of  a  selected  element.  This 
enables  the  electrical,  optical,  or  mechanical  properties  of  a  material  to  be  altered. 

Ions  of  almost  any  element  can  be  injected  into  the  solid  to  a  controlled  depth  and 
concentration.  The  depth  of  penetration  is  on  the  order  of  tenths  of  a  micron  and  the 
dose  typically  ranges  from  10“  to  ions/cm^  depending  on  the  application.  In  the 
semicdnductor  industry,  only  relatively  small  alloying  additions,  10“  to  10'^  ions/cm^ 
are  needed  to  change  the  electrical  properties  of  components.  When  obtaining 
tribological  improvements,  significantly  larger  ion  doses,  typically  between  10*^  to  10^® 
ions/cm^  are  required  to  alter  most  properties  of  interest.  There  are  several  conditions 
that  effect  the  ion  penetration  and  concentration  including  the  ion  energy  (acceleration 
potential),  ion  mass,  sputtering  effects,  implantation  temperature,  and  substrate 
material. 

For  ion  implantation,  ion  energies  in  the  range  of  a  few  keV  to  a  few  hundred 
keV  are  generally  used  depending  on  the  implantation  system.  A  typical  ion  implanter 
consists  of  an  ion  source,  a  mass  separator,  an  acceleration  tube,  and  a  target  chamber. 
The  element  selected  for  implantation  is  first  ionized  in  the  ion  source.  From  the 
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source,  ions  are  extracted  by  small  accelerating  voltages  and  channeled  into  analyzer 
magnets.  The  ions  are  separated,  due  to  the  differences  in  the  mass  and  charge,  and 
only  the  selected  ions  are  injected  into  the  main  acceleration  tube.  This  insures  that 
only  a  single  ion  species  is  implanted  at  a  time.  In  the  acceleration  tube,  electric 
fields  propel  the  selected  ions  toward  the  target  chamber.  While  the  ions  get 
accelerated  to  a  fixed,  desired  energy,  the  ion  beam  is  also  focused  and  shaped.  The 
high  energy  ions  are  thus  accelerated  onto  the  target  and  are  implanted  in  the  near 
surface  of  the  material®. 

1.1.2  Energy  Mechanisms 

When  a  high  energy  ion  penetrates  a  solid  surface,  it  undergoes  a  series  of 
collisions  with  both  target  atoms  and  electrons.  In  these  collisions,  the  incident  ion 
loses  energy  at  a  rate  of  a  few  to  100  eV  per  nanometer  depending  on  a  number  of 
parameters  including  the  mass  and  energy  of  the  ion  as  well  as  the  target  material^”. 
The  entire  collision  process  is  typically  completed  within  lO"'^  seconds  of  the  initial 
primary  collision”.  The  energy  loss  mechanisms  involve  two  basic  processes,  nuclear 
collisions  and  electronic  interactions. 

Nuclear  collisions  occur  when  the  incoming  ion  directly  impacts  the  nucleus  of 
a  target  atom.  This  type  of  collision  usually  results  in  significant  scattering  of  the 
incoming  ions  and  the  dislocation  of  target  atoms  from  their  equilibrium  positions. 

The  target  atoms  are  displaced  if  the  energy  transferred  exceeds  a  critical  amount 
called  the  displacement  threshold  energy,  E^.  The  displaced  atoms  can  thus  displace 
other  atoms  leading  to  a  cascade  of  atomic  collisions.  A  schematic  of  the  collision 
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cascade  is  shown  in  Figure  1.1.  The  nuclear  collisions  lead  to  disorder  or  damage  in 
the  target  material  consisting  of  vacancies,  interstitial  atoms,  amorphous  regions,  and 
other  types  of  defects.  Nuclear  collisions  can  involve  large,  discrete  energy  losses  and 
are  the  dominant  energy  loss  mechanism  at  low  ion  energies  and  heavier  ions^®. 

Electronic  interactions  occur  when  the  incoming  ion  passes  through  the 
electronic  cloud  of  a  target  atom.  Energy  is  transferred  from  the  incoming  ion  to  the 
electrons  either  by  exciting  or  ejecting  the  electrons  from  their  atomic  orbitals.  This 
type  of  interaction  usually  results  in  the  negligible  scattering  of  the  incident  ion, 
negligible  lattice  disorder,  and  a  much  smaller  energy  loss  per  collision.  Electronic 
interactions  are  the  dominant  energy  loss  mechanism  at  high  ion  energies  and  for 
lighter  ions*®. 

1.1.3  Ion  Range 

The  ion  range,  R,  is  the  total  distance  traveled  by  the  ion  in  the  target  material. 
The  mechanisms  of  energy  loss  enable  us  to  predict  the  total  path  covered  by  the  ion 
as  it  is  brought  to  rest  from  an  initial  energy  E^.  The  range  is  determined  by  the  rate 
of  energy  loss  and  can  be  written  as® 


R(Eo) 


°  (-dE/dx) 


dE 


(1.1) 


where  the  energy  loss,  dE/dx,  consists  of  contributions  from  both  the  nuclear  and 
electronic  collisions.  The  final  resting  place  of  an  implanted  ion  is  decided  by  these 
energy  loss  mechanisms  as  well  as  the  ions  possible  relocation  by  subsequent 
cascades.  Because  each  ion  strikes  the  target  with  different  random  impact 
parameters,  not  all  ions  will  come  to  rest  at  the  same  depth  into  the  material.  The  ion 


Figure  1.1  Schematic  of  the  collision  cascade,  the  ion-solid  interactions,  and 
the  ion  implantation  process. 
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depth  distribution  is  best  approximated  by  a  normal  Gaussian  curve,  with  the  peak 
corresponding  to  the  projected  ion  range.  Figure  1.2  schematically  shows  the  ion 
range  R,  the  projected  range  Rp,  the  projected  straggle  ARp,  and  the  lateral  straggle 
ARl.  Rp  is  the  projected  distance  of  travel  in  the  direction  of  incidence.  The 
projected  straggle,  ARp,  is  the  standard  deviation  of  the  Gaussian  distribution  in  the 
incoming  ion  direction,  and  the  lateral  straggle,  ARl,  is  perpendicular  to  the  ion 
direction.  The  projected  range  distribution,  N(x),  can  be  approximated  by  the 
following  equation*® 


N(x)  =  N(,„ax)exp 


-1 

L  2 


ARp 


(1.2) 


where  N(x)  is  the  concentration  of  ions  as  a  function  of  depth,  x,  measured  in  a 
direction  perpendicular  to  the  material  surface,  and  is  the  maximum  of  the 
concentration  at  x  =  Rp.  A  schematic  of  the  Gaussian  distribution  is  shown  in  Figure 


1.3. 

In  real  life  the  Gaussian  distribution  gives  only  a  first-order  approximation  to 
the  true  concentration  profile.  Actual  profiles  show  an  asymmetrical  distribution 
associated  with  the  backscattering  of  implanting  ions  by  the  substrate  atoms.  Lighter 
ions  will  experience  backscattering  larger  than  predicted  by  equation  1.2  and  the 
Gaussian  curve  will  have  an  asymmetry  on  the  surface  side  of  the  maximum.  Heavier 
ions  will  experience  less  backscattering  and  the  curve  will  have  a  skewness  on  the 
deeper  side  of  the  maximum®. 

In  crystalline  materials,  the  orientation  of  the  ion  beam  with  respect  to  the 
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Figure  1.2 


Figure  1.3 


•  IMPLANTED  ION 

Schematic  of  the  ion  range  R,  the  projected  range  Rp,  the 
projected  straggle  ARp,  and  the  lateral  straggle  ARl- 


One-dimensional  Gaussian  curve  depicting  the  projected  range 
distribution  N(x),  the  mean  value  Rp,  and  a  standard  deviation 
AR».  from  the  mean. 
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target  material  can  also  affect  the  range  distribution.  Ion  implantation  along 
crystallographic  axes  can  lead  to  enhanced  ion  penetration.  This  phenomenon  is 
known  as  channeling.  The  channeled  ions  have  a  much  lower  rate  of  energy  loss  and 
thus  a  greater  range  than  nonchanneled  ions. 

The  theoretical  prediction  of  the  projected  ion  range  distribution  has  also  been 
approached  using  computer  programs  such  as  transport  of  ions  in  matter  (TRIM). 
These  programs  consider  the  dynamics  of  the  collision  cascade  and  simnlate  it  as  a 
series  of  binary  elastic  collisions  based  on  linear  transport  theory. 

1.1.4  Influences  on  Material  Properties 

The  changes  in  a  material’s  properties  after  ion  implantation  are  the  result  of 
several  types  of  effects.  One  of  these  is  a  chemical  or  alloying  effect  due  to  the 
presence  of  the  implanted  ions.  The  amount  of  allo5dng  ion  implantation  can  produce 
in  a  material  is  influenced  by  the  ion  species,  target  material,  ion  dose,  and  sputtering 
effects.  During  high-dose  implantation,  prolonged  irradiation  can  lead  to  appreciable 
surface  erosion  and  ultimately  to  the  removal  of  already  implanted  atoms.  This 
sputtering  of  the  surface  provides  an  effective  limit  to  the  concentration  of  implanted 
ions  that  can  be  attained  by  implantation.  For  this  reason,  concentration  levels  are 
often  measured  after  implantation  to  determine  the  retained  ion  dose  compared  to  the 
actual  implanted  dose. 

Temperature  is  another  important  influence.  According  to  some  research^^^^, 
temperature  effects  may  influence  the  mechanical  and  chemical  properties  of  a 
material.  In  some  cases,  elevated  temperature  implantation  has  been  shown  to  increase 
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the  depth  of  the  ion  penetration*'*  and  change  the  shape  of  the  concentration  profile*^. 
Other  research  has  shown  that  with  increased  temperature,  a  higher  retained  ion  dose 
can  be  attained*^.  These  observed  effects  have  been  explained,  in  part,  by  thermal 
diffusion.  These  changes  in  surface  properties  may  be  achieved  through  elevated 
temperature  implantation  or  by  subsequent  annealing  after  room  temperature 
implantation. 

The  effect  of  disorder  can  also  influence  a  material’s  properties.  In  a 
crystalline  material,  a  disordered  region  is  produced  in  the  surface  by  the  collision 
cascades.  The  disorder  created  can,  in  some  cases,  be  beneficial  and  produce  desired 
property  changes.  For  example,  diffusion  rates  may  be  enhanced  and  the  surface  may 
become  more  corrosion-resistant*. 

1.2  Ion  Implantation  Methods 

There  are  several  methods  in  which  ions  can  be  implanted  into  a  material. 

Two  of  the  more  common  methods  used  are  direct  implantation  and  ion  beam  mixing. 
Recently,  other  methods  such  as  dynamic  ion  mixing  (DIM)  and  plasma  source  ion 
implantation  (PSII)  have  exploited  the  advantages  of  ion  implantation  while  attempting 
to  overcome  some  of  its  limitations. 

1.2.1  Direct  Ion  Implantation 

Direct  ion  implantation  is  the  process  that  has  been  described  previously  in  the 
last  section.  A  beam  of  ions  is  generated  by  a  particle  accelerator,  propagated  and 
focused  along  an  acceleration  tube,  and  swept  or  rastered  across  the  target.  The  ions 
are  thus  directly  imbedded  in  the  surface  of  a  material. 
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1.2.2  Ion  Mixing 

In  ion  beam  mixing,  a  thin-film  layer  is  deposited  on  top  of  a  material  and 
bombarded  with  heavy  ions  of  inert  gases.  During  the  process,  an  intermixing  occiffs 
within  the  collision  cascade  leading  to  the  formation  of  a  compound  at  the  target/film 
interface.  A  schematic  of  the  process  is  shown  in  Figure  1.4.  The  first  ion  beam 
mixing  experiment  was  conducted  in  1973  and  since  that  time  a  wide  variety  of 
atomic  elements  have  been  mixed  and  new  alloys  produced^^.  Ion  beam  mixing  offers 
the  advantage  of  modifying  materials  with  significantly  lower  ion  doses,  i.e.,  10^^ 
ions/cm^,  compared  to  those  required  for  materials  modification  by  direct  implantation. 
Each  ion  causes  mixing  primarily  over  its  range  or  the  dimensions  of  the  collision 
cascade.  The  amount  of  ion  beam  mixing  is  directly  related  to  the  energy  loss  per 
unit  distance  of  die  ion  travelled.  •  Therefore,  the  mixing  is  more  effective  the  higher 
the  dose  and  the  mass  of  the  ions.  Ion  energy  also  plays  an  important  role  in  ion 
beam  mixing.  Low  energy  ions  produce  mixing  near  the  surface,  whereas  high  energy 
ions  cause  the  mixing  into  the  interior  of  the  substrate’.  This  method  is  still  limited 
by  the  shallow  depth  of  treatment  which  is  on  the  order  of  the  ion  penetration  depth, 
0.1  to  0.2  pm.  The  mixing  process  may  involve  simple  collisional  mixing  or  more 
complicated  beam-induced  diffusional  processes. 

1.2.3  Dynamic  Ion  Mixing 

Dynamic  ion  mixing  combines  ion  beam  mixing  with  simultaneous  film 
deposition.  In  the  first  stage  of  deposition  when  the  film  thickness,  t,  is  less  than  the 
projected  ion  range,  Rp,  most  of  the  atomic  displacements  in  the  collision  cascades  are 
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produced  within  the  target  material.  When  t  =  Rp,  all  the  ion  energy  is  then  deposited 
in  the  coating  material.  This  process  results  in  an  intermixed  layer  at  the  taiget/film 
interface  of  graded  composition,  thus  greatly  improving  the  adhesion  performance  of 
the  films.  This  method  also  removes  some  of  the  thickness  limitations  of  ion  beam 
mixing  and  allows  for  the  buildup  of  thicker  coatings,  1  to  2  pm,  on  engineering 
components.  This  technique  preserves  all  the  advantages  of  ion  implantation,  in 
addition  to  those  of  physical  vapor  deposition  (PVD)  methods.  Some  other  positive 
aspects  of  DIM  have  been  observed,  such  as  the  suppression  of  columnar  growth  or 
the  modification  of  the  residual  stresses  stored  in  a  film*^.  The  main  limitation  of  the 
dynamic  ion  mixing  process  is  its  dependence  on  the  deposition  rate  of  the  film. 

1.2.4  Plasma  Source  Ion  Implantation 

Plasma  source  ion  implantation  (PSII)  is  one  of  the  more  recent  discoveries  in 
the  field  of  ion  implantation.  The  technique  was  first  proposed  by  Conrad  et  al.  at  the 
University  of  Wisconsin  in  1987“,  The  process  involves  immersing  the  target  into  a 
weakly  ionized  plasma  containing  the  ions  to  be  implanted.  The  target  is  pulsed 
repeatedly  to  a  high  negative  potential.  During  each  pulse,  the  positive  ions  are 
accelerated  across  the  plasma  sheath  toward  the  target  material  and  implanted  in  its 
surface.  This  method  does  not  have  the  limitation  of  being  a  line-of-sight  process. 

Ions  are  accelerated  perpendicular  to  the  target,  so  the  implant  can  conform  to  the 
shape  of  the  target  without  masking  and  manipulating  the  target  or  rastering  an  ion 
beam.  This  perpendicular  implant  maximizes  the  implant  depth  and  minimizes 
sputtering.  PSII  is  also  considerably  faster  than  traditional  techniques  because  the 
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high-current,  pulsed-power  supply  provides  significantly  higher  average  currents  than 
conventional  beam  accelerators. 

To  date,  the  published  results  for  PSII  have  been  for  small  objects^®’^’, 
generally  no  larger  than  0.1  m^.  But  initial  testing  of  a  large-scale  PSII  facility  where 
surface  areas  exceeding  1  m^  at  doses  of  up  to  5  x  10^^  ions/cm^,  has  recently  been 
reported”. 

1.3  Current  Applications  of  Ion  Implantation 

The  commercial  uses  for  ion  implantation  have  mostly  been  in  the  areas  of 
solid-state  electronics,  biomedical  materials,  aerospace  and  defense  materials,  and 
certain  production  tooling.  Ions  that  are  typically  used  for  non-semiconductor 
commercial  applications  are  N%  C",  Y^,  TT,  and  CY".  Laboratory  experiments  and 

indusrtrial  trials  have  confirmed  that  significant  improvements  in  such  properties  as 
wear,  fiiction,  hardness,  corrosion,  oxidation,  and  fatigue  can  be  obtained  by  ion 
implantation  in  a  wide  range  of  materials.  A  brief  description  of  some  of  the 
implantation  conditions  examined,  materials  investigated,  and  results  found  in  these 
areas  will  be  discussed. 

As  will  be  shown,  there  often  appears  to  be  an  optimum  implantation  condition 
for  improving  the  surface  properties  of  different  materials,  above  or  below  which 
properties  can  actually  deteriorate.  The  difficulty  iii  determining  which  condition 
should  be  used  in  a  particular  application  is  considerable.  Therefore,  further 
understanding  of  the  mechanisms  behind  the  various  property  changes  is  still  needed. 
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1.3.1  Wear,  Friction,  and  Hardness 

Numerous  research  has  been  conducted  on  the  tribological  behavior  of  ion 
implanted  materials.  Onate  et  al}^  examined  the  effects  of  nitrogen  implantation  on 
hard  chromium  at  an  ion  energy  of  90  keV  and  nitrogen  doses  in  excess  of  10^’ 
ions/cm^  The  wear  resistance  was  increased  to  approximately  four  times  that  of  the 
unimplanted  samples.  The  surface  hardness  was  also  improved  by  a  maximum  of  43% 
at  an  optimum  dose.  They  found  that  at  higher  doses  a  hardness  value  lower  than  the 
maximum  was  actually  obtained.  The  coefficient  of  friction  was  also  reduced  at  least 
during  the  run-in  period.  Guzman  et  al}^  found  similar  hardness  results  on  nitrogen 
implanted  cemented  tungsten  carbide.  The  samples  were  implanted  with  molecular 
nitrogen  ions,  N/,  at  90  keV  over  a  range  of  doses,  3  x  10‘®  to  1  x  10^®  ions/cm^  and 
temperatures,  70  to  550°C.  They  discovered  an  increase  in  surface  hardness  of  up  to 
40%  with  an  optimum  dose  between  1  and  3  x  10^’  ions/cm^  for  the  different  grades 
evaluated.  They  also  found  that  optimum  hardness  improvements  were  obtained  in  the 
temperature  range  140  to  440'’C  with  a  distinct  softening  occurring  at  470°C  and  no 
improvement  at  70®C.  Fischer  et  al?^  observed  the  effects  of  nitrogen  ion 
implantation  on  the  tribological  properties  of  metallic  surfaces.  Three  coatings  were 
investigated,  electroplated  hard  chromium,  phosphate  coating,  and  plasma  face-coated 
hard  molybdenum.  The  coatings  were  plated  onto  grey  cast  iron  and  implanted  with 
at  ion  energies  of  up  to  75  keV  and  doses  up  to  10‘®  ions/cml  The  implantations 
resulted  in  up  to  31%  wear  reduction  and  7%  friction  coefficient  reduction  for  the 
chromium  surface,  up  to  24%  wear  reduction  and  13%  friction  coefficient  reduction 
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for  the  phosphate  coating,  and  up  to  90%  wear  reduction  and  84%  surface  hardness 
increase  for  the  molybdenum  deposit. 

1.3.2  Corrosion  and  Oxidation 

Stroosnijder  et  al?^  examined  the  effect  of  cerium  implantation  on  the 
corrosion  behavior  of  wrought  austenitic  Fe-20Cr-32Ni  steel  in  a  hydrogen-based  gas 
mixture  at  700°C.  The  ion  energy  used  was  200  keV  and  the  dose  either  10^®  or  10^’ 
ions/cm^  The  gas  mixture  consisted  of  7%  CO,  1.2%  HjO,  and  0.2%  HjS.  The 
samples  were  exposed  for  periods  of  minutes  up  to  1000  hours.  For  the  higher-dose 
implantations,  a  decrease  in  the  mass  gain  by  a  factor  of  up  to  three  was  observed  and 
a  clear  retardation  of  the  corrosion  rate  was  seen  for  durations  of  up  to  200  hours. 

Kothari  et  alP'  investigated  the  effects  of  ion  implantation  on  the  oxidation 
of  polycrystalline  copper.  30  keV  ions  were  implanted  at  doses  ranging  from  8  x  10‘® 
to  4  X  10^’  N  atoms/cm^  with  the  oxidatipn  carried  out  at  200  and  600°C.  It  was 
determined  that  at  doses  from  5  x  10'®  to  2  x  10'^  N  atoms/cm^  the  oxidation 
resistance  of  the  copper  was  improved.  At  doses  less  than  5  x  10'®  N  atoms/cm^  the 
oxidation  properties  deteriorated,  and  at  doses  higher  than  2  x  lO'”'  bubbles  formed  that 
were  harmful  for  high-temperature  oxidation.  Lobb  and  Bennett^^  studied  the 
oxidation  resistance  of  20Cr-25Ni-Nb  stainless  steel  in  a  carbon  dioxide-based 
environment  for  test  durations  of  0.5  and  1  hour  at  1300°C.  The  material  was 
implanted  with  cerium  and  yttrium  at  an  ion  dose  of  10'’  ions/cm^.  The  gas  mixture 
consisted  of  CO2  +1%  CO.  They  found  that  the  implantation  of  either  cerium  or 
yttrium  ions  was  effective  in  reducing  oxidation  at  temperatures  <  1000°C,  but  was 
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totally  ineffective  at  1300°C. 

1.3.3  Fatigue 

Hu  et  al.  measured  fatigue  life  improvements  in  AISI  1018  steeP.  The  fatigue 
test  specimens  were  implanted  with  Nj*  ions  at  an  ion  energy  of  150  keV  and  a  dose 
of  1  X  10^’  ions/cm^.  They  observed  no  difference  in  fatigue  life  between  the 
implanted  and  unimplanted  samples.  But  samples  implanted  and  aged  for  4  months  at 
room  temperature  or  aged  at  100°C  for  6  hours,  led  to  a  two  order-of-magnitude 
improvement  in  fatigue  life.  Lee  and  Mansur^  investigated  the  effect  of  and  N2*' 
implantation  on  the  fatigue  life  of  Fe-13Cr-15Ni  base  austenitic  alloys.  The  specimens 
were  implanted  with  400  keV  B%  1.1  MeV  Nj*",  or  simultaneously  with  both.  The  ion 
dose  was  2.3  x  10*®  ions/cm^  for  most  cases.  In  general,  the  fatigue  life  increased  in 
the  order  of  nitrogen,  boron,  and  boron-nitrogen  implantation.  The  nitrogen  produced 
a  33%  increase  in  fatigue  life  in  one  of  the  alloys  but  caused  no  change  or  a  decrease 
in  fatigue  life  in  the  presence  of  titanium  in  other  alloys.  Boron  was  very  effective  in 
the  presence  of  molybdenum  and  produced  a  99%  improvement  alone  and  a  250% 
improvement  when  implanted  in  combination  with  nitrogen.  The  simultaneous 
implantation  of  B"*"  and  resulted  in  the  greatest  improvement  in  fatigue  life  with  an 
increase  observed  for  all  the  alloys  tested. 

1.4  Electroplated  Chromium 

Electroplated  chromium  has  played  an  important  role  in  the  coating  industry  for 
a  variety  of  machine  tooling,  process  equipment,  and  manufactured  products.  The 
technology  of  plating  with  chromium  has  been  around  since  the  1920’s.  It  has  been 
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widely  used  for  both  decorative  and  engineering  applications.  Among  the  engineering 
applications  are  improving  corrosion,  wear,  and  erosion  resistances,  lowering  friction 
coefficients,  and  increasing  the  hardness  of  a  component.  Chromium  plating  has  also 
been  used  to  restore  the  dimensions  of  undersized  parts. 

Two  kinds  of  chromium  films  were  investigated  in  this  study,  hard  chromium 
and  low  contraction  chromium.  Hard  chromium  coatings  are  extremely  hard  and 
corrosion  resistant  but  are  relatively  brittle  and  contain  numerous  microcracks.  They 
are  commonly  used  as  protective  coatings  to  increase  the  service  life  of  parts  by 
increasing  their  resistance  to  wear,  abrasion,  heat,  or  corrosion.  Applications  include 
automotive  valve  stems,  piston  rings,  shock  rods,  the  bores  of  diesel  and  aircraft 
cylinders,  and  hydraulic  shafts^.  Low  contraction  chromium  coatings  are  much  softer 
but  are  relatively  crack-ftee  and  have  high  strength  characteristics.  The  films  also 
have  good  lubricity  and  resistance  to  shock.  Applications  for  low  contraction 
chromium  include  broaches,  cams,  dies  for  metal  forming,  and  metalworking  rolls. 
Both  kinds  of  chromium  films  are  produced  by  electrodeposition  from  a  plating 
solution.  The  different  characteristics  of  the  films  are  the  result  of  different  plating 
conditions. 

In  general,  chromium  coatings  are  applied  to  material  surfaces  to  enhance  their 
mechanical,  thermal,  or  chemical  properties.  As  mentioned  previously,  ion 
implantation  can  also  offer  improvements  to  materials  in  these  areas.  With  the  ever- 
increasing  demand  for  enhanced  performance  of  materials,  certain  applications  may 
benefit  from  the  combined  protection  of  a  coating  and  ion  implantation.  Therefore,  it 


is  the  intention  of  this  study  to  investigate  the  effects  of  ion  implantation  on 
electroplated  chromium.  The  dose,  ion  species,  and  implantation  temperature  have 
been  varied  and  the  hardness,  wear  resistance,  friction  coefficient,  and  ion 
concentration  versus  depth  have  been  measured. 


2.  EXPERIMENTAL  PROCEDURES 


2.1  Sample  Preparations 

Two  different  types  of  samples  were  prepared  for  this  experiment.  Hat  disks, 
3.81  cm  in  diameter  and  1.27  cm  high,  were  prepared  for  the  wear  and  friction  testing. 
Hat-headed  pins,  1.27  cm  long,  6.4  mm  in  diameter  tapering  to  a  3.2  mm  diameter  tip, 
were  used  for  the  hardness  measurements  and  secondary  ion  mass  spectrometry 
(SIMS)  analysis.  The  base  material  for  the  samples  was  made  from  a  heat-treated, 
high  strength  steel,  AISI  4340  grade.  The  samples  were  mechanically  polished  with  a 
3  pm  diamond  spray  and  then  electroplated.  The  chromium  plating  solution  used 
consisted  of  250  g/C  chromic  acid  and  2.5  g/{  sulfuric  acid.  The  hard  chromium  was 
deposited  using  a  cathodic  current  of  30  A/dm^  at  a  plating  solution  temperature  of 
55°C.  The  low  contraction  chromium  was  deposited  using  a  cathodic  current  of  120 
A/dm^  at  a  plating  solution  temperature  of  85°C.  The  plating  time  was  chosen  to 
produce  a  film  thickness  of  approximately  75  to  1(X)  pm.  The  samples  were  again 
mechanically  polished  with  a  3  pm  diamond  spray  and  their  smface  roughness  was 
determined  using  a  Wyko  optical  profilometer.  The  average  surface  roughness  was 
around  14  nm  or  20  nm  RMS.  Figure  2.1  shows  a  representative  measurement  of  a 
sample.  The  vertical  scale  in  the  figure  is  given  in  nanometers  and  the  peak-to-valley 
measurement,  denoted  P-V  on  the  figure,  is  listed  in  the  upper  right-hand  comer. 

2.2  Characterization  of  As-plated  Chromium 

Samples  of  both  types  of  electroplated  chromium  were  cut  cross-sectionally  and 
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Figure  2.1  Representative  surface  roughness  measurement  taken  on  polished 
chromium  plated  samples.  The  average  roughness  was 
approximately  14  nm  R,  or  20  nm  RMS. 


nm 
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metallographically  prepared.  Hardness  measurements  were  taken  on  a  cross-section  of 
the  plating  with  a  Knoop  diamond  indenter  using  a  lOO-gram  load.  A  chemical 
analysis  was  conducted  using  a  Perkin  Elmer  6500  Inductively  Coupled  Plasma  (ICP) 
Spectrometer  to  verify  the  composition  of  the  chromium  plating.  To  examine  the 
microstructure,  the  samples  were  etched  with  a  30  mL  hydrochloric  acid  and  10  mL 
nitric  acid  solution  to  reveal  the  morphology  of  the  plating.  The  samples  were 
examined  in  the  as-polished  and  etched  conditions  using  an  optical  microscope  and  a 
scanning  electron  microscope. 

2.3  Ion  Implantation  Conditions 

The  hard  chromium  and  low  contraction  chromium  plated  samples  were 
subjected  to  ion  implantation  using  an  Extrion  Model  400  ion  implanter.  The  nitrogen 
ion  implantation  was  performed  by  using  an  Nj'*’  ion  beam.  For  all  conditions,  the 
nitrogen  implantation  was  performed  at  an  energy  of  150  keV.  This  represents  an 
individual  atomic  ion  energy  of  75  keV.  The  doses  ranged  from  9.4  x  10*®  to  3.1  x 
10**  N  atoms/cm^  A  control  ion  implantation  was  performed  by  using  an  Ar^  ion 
beam.  For  all  conditions,  the  argon  implantation  was  performed  at  an  ion  energy  of 
75  keV.  The  doses  ranged  from  9.4  x  10*®  to  3.1  x  10*’  atoms/cm^  The 
implantations  were  carried  out  at  room  temperature  and  elevated  temperatures,  at  a 
pressure  typically  around  10  ®  torr.  During  the  room  temperature  implantations,  the 
sample  temperature  was  monitored  and  did  not  exceed  180°C.  The  elevated 
temperature  implants  entailed  heating  the  samples  to  500°C  prior  to  implantation  and 
maintaining  them  at  that  temperature  throughout  the  implant.  The  sample  heating  time 
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was  approximately  one  hour.  The  average  beam  current  density  on  the  samples  was 
about  3  to  4  pA/cm^.  Liquid  nitrogen  traps  were  used  in  an  attempt  to  reduce  the 
surface  contamination  by  the  vacuum  system  hydrocarbons. 

2.4  SIMS  and  AES  Analyses 

Secondary  ion  mass  spectrometry  (SIMS)  combined  with  Auger  electron 
spectroscopy  (AES)  was  used  to  characterize  the  implantation  profiles  and  chemical 
composition  of  the  implanted  chromium  films.  Concentration  profiles  determined 
from  these  analyses  were  compared  with  the  results  obtained  from  TRIM  simulations. 
The  SIMS  and  AES  analyses  were  conducted  at  Evans  East,  Plainsboro,  NJ,  using  a 
Perkin  Elmer  6300  SIMS  instrument  and  a  Perkin  Elmer  Model  660  AES  instrument. 
The  SIMS  profiling  was  done  using  a  5.0  keV  Cs"^  ion  as  the  primary  beam  and 
observing  the  positive  secondary  ion  yield  from  the  sample  as  a  function  of  time.  The 
samples  were  analyzed  for  nitrogen  and  argon,  but  carbon  and  oxygen  were  also 
monitored  to  determine  if  there  were  any  substantial  amounts  of  implanted  impurities. 
Dining  implantation,  carbon  and  oxygen  surface  contamination  is  usually  attributed  to 
the  reaction  with  either  residual  CO  or  organic  species  in  the  vacuum.  For  some 
samples.  Auger  analysis  was  used  to  further  quantify  the  implant  concentration. 
Conversion  of  nitrogen  ion  and  argon  ion  counts/second  to  concentrations/second  was 
accomplished  by  calculating  the  relative  sensitivity  factors  using  the,  calculated  doses 
of  the  implants.  Depth  scales  were  determined  by  measuring  the  post-bombardment 
craters  using  a  Dektak  stylus  profilometer. 
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2.5  Hardness  Measurements 

Surface  hardness  was  measured  using  a  Leitz  optical  microscope  with  a  Knoop 
diamond  indenter.  The  Knoop  microhardness  indenter  was  chosen  over  the  Vickers 
because  for  a  given  test  force  the  Knoop  pyramid  produces  a  diagonal  that  is  about 
three  times  as  long  and  a  depth  of  indentation  that  is  about  two-thirds  of  the  values 
produced  by  the  Vickers  pyramid.  Several  different  loads  were  used  ranging  from  5  to 
200  grams.  The  length  of  the  long  diagonal  was  measured  using  the  optical 
microscope.  On  every  sample  at  least  ten  measurements  were  taken  at  each  of  the  two 
lighter  loads,  eight  measurements  at  each  of  the  two  middle  loads,  and  six 
measurements  at  each  of  the  two  heavier  loads  to  obtain  statistically  significant  values. 
The  two  larger  loads  were  used  to  monitor  the  hardness  of  the  bulk  chromium.  This 
was  done  to  insure  that  no  effects  of  the  implantation  were  observed  on  the  hardness 
of  the  chromium  plating.  The  lighter  loads  were  used  to  evaluate  the  implanted  layer 
and  to  estimate  the  depth  of  the  modified  layer.  The  measurements  were  taken  on  the 
top  surface  of  the  samples  with  the  indenter  perpendicular  to  the  specimen,  i.e.,  the 
indentation  depth  was  parallel  to  the  direction  of  the  ion  penetration. 

The  improvement  in  microhardness  was  more  apparent  at  the  lower  loads  since 
the  indentation  depth  approached  the  implanted  layer  thickness.  However,  even  at  the 
lowest  load  employed,  5  grams,  the  indentation  depth  was  large  enough  to  include 
effects  from  the  chromium  substrate.  Therefore,  the  improvement  in  hardness  in  the 
near  surface  regions  is  underestimated  and  the  hardness  values  are  more  a  qualitative 
measure  of  the  implantation  effects. 
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The  scatter  in  hardness  data  increased  at  the  lower  loads  because  of  inherently 
larger  uncertainties  associated  with  the  measurement  of  smaller  indents.  The  lighter 
load  measurements  also  contain  a  higher  degree  of  variation  due  to  the  increased 
effects  of  surface  roughness  on  the  indentation. 


2.6  Wear  and  Friction  Testing 

Wear  testing  was  performed  using  a  pin-on-disk  geometry  in  accordance  with 
ASTM  test  method  G-99.  The  testing  was  performed  at  Implant  Sciences  Corporation, 
Wakefield,  MA,  using  an  ISC-200PC  Tribometer  System.  3.2  mm  diameter  alumina 
balls  were  used  as  the  pins  to  wear  against  the  chromium  plated  disks.  A  schematic  of 
the  pin-on-disk  type  testing  system  is  shown  in  Figure  2.2.  Each  test  was  conducted 
for  60  minutes  with  the  ball  rotating  on  the  sample  at  a  constant  load  of  50  grams  and 
sliding  velocity  of  10  cm/sec.  All  testing  was  carried  out  at  room  temperature  without 
lubrication.  The  friction  coefficient  was  recorded  during  the  wear  testing.  The  wear 
rate  measurements  were  calculated  from  the  disk  volume  loss  according  to  ASTM 
G-99  using  the  following  equation: 


j.  ,  1  1  3  7t  (wear  track  radius,  mm)(track  width,  mm)^  /  /%  i  \ 

disk  volume  loss,  mm  =  — ^ - ,  .  , — ’ j.  -  - r - ^ - -  (  2.1  ) 

6  (sphere  radius,  mm) 

The  depth  of  the  wear  track  was  measured  using  a  Tencor  Instmments  Alphastep  100 
profilometer  with  four  traces  taken  on  each  sample. 


2.7  SEM  Examination 

Scanning  electron  microscopy  (SEM)  was  used  to  examine  the  surface  of  the 
implanted  chromium  plated  samples.  This  was  done  to  determine  if  any  modifications 
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to  the  surface  were  apparent  due  to  the  different  doses  or  implantation  processes  used. 
SEM  was  also  used  to  characterize  the  appearance  of  the  wear  tracks  in  both  the 
unimplanted  and  implanted  chromium  plated  samples. 
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3.  RESULTS 

3.1  Characterization  of  Hard  Chromium  and  Low  Contraction  Chromium 

Samples  of  both  kinds  of  chromium  were  examined  metallographically.  In  the 
as-polished  condition,  the  hard  chromium,  shown  in  Figure  3.1,  displayed  microcracks 
throughout  the  plating  that  were  not  observed  in  the  low  contraction  chromium  plating. 
Figure  3.2.  After  etching  the  samples,  the  microstructure  of  the  low  contraction 
chromium  displayed  a  fibrous  grain  structure,  as  shown  in  Figures  3.3a  and  b.  The 
hard  chromium  microstructure,  shown  in  Figures  3.4a  and  b,  appeared  to  have  a  more 
directional,  colunmar  grain  stracture  than  the  low  contraction  chromium.  The  hard 
chromium  plating  was  measured  to  have  an  average  hardness  of  850  KHN,  Knoop 
hardness  number,  and  the  low  contraction  chromium  had  an  average  hardness  of  450 
KHN.  Chemical  analysis  determined  that  the  low  contraction  chromium  was  99.92% 
chromium  and  the  hard  chromium  was  99.97%  chromium  by  weight  percent.  In  both 
cases,  chromium  was  the  only  element  the  instrumentation  was  able  to  measure. 

3.2  Nitrogen  and  Argon  Concentration  Depth  Proflles 

The  nitrogen  and  argon  concentration  depth  profiles  were  measured  by  SIMS 
and  AES.  The  graphs  were  analyzed  and  the  results  are  shown  in  Tables  3.1  through 
3.4.  The  range  was  measured  from  the  surface  of  the  sample  to  where  the  atomic 
concentration  was  at  its  maximum.  The  total  depth  measurement  was  made  from  the 
surface  of  the  sample  to  the  point  where  the  ion  concentration  dropped  below  one 
atomic  percent.  The  maximum  concentration  was  measured  to  be  the  highest  attained 
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Cross-sectional  micrograph  of  hard  chromium  plating.  Sample 
shown  in  the  as-polished  condition.  Arrows  point  to  the 
microcracks  present  in  the  plating. 


Figure  3.1 
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Cross-sectional  micrograph  of  low  contraction  chromium  platin 
Sample  shown  in  the  as-polished  condition. 


Figure  3.3  Microstracture  of  as-plated  low  contraction  -chromium  dei 
fibrous  grain  structure,  a)  is  an  optical  photomicrograph 
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TOTAL  MAXIMUM 

DOSE  IMPLANTATION  RANGE  DEPTH  CONCENTRATION 
(ATOMS/CM*)  TEMPERATURE  (A)  (A)  (ATOMIC  %) 


9.4  X  10^^ 

Room  Temp. 

700 

1200 

2.8 

9.4  X  10*^ 

500°C 

600 

1100 

1.5 

3.1  X  10^* 

Room  Temp. 

700 

1250 

3.3 

3.1  X  10^® 

500“C 

600 

1200 

4 

3.1  X  10^'' 

Room  Temp. 

800 

1800 

39 

3.1  X  10” 

500“C 

950 

2100 

35 

3.1  X  10'« 

Room  Temp. 

1300 

2200 

43 

3.1  X  10^* 

500<^C 

1550 

2800 

39 

Table  3.1  SIMS  and  AES  Data  for  Nitrogen  Implanted  Hard  Chromium 


TOTAL  MAXIMUM 

DOSE  IMPLANTATION  RANGE  DEPTH  CONCENTRATION 
(ATOMS/CM^)  TEMPERATURE  (A)  (A)  (ATOMIC  %) 


Table  3.2  SIMS  and  AES  Data  for  Nitrogen  Implanted  Low  Contraction  Chromium 
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TOTAL  MAXIMUM 

DOSE  IMPLANTATION  RANGE  DEPTH  CONCENTRATION 
(ATOMS/CM*)  TEMPERATURE  (A)  (A)  (ATOMIC  %) 


9.4  X  10** 

Room  Temp. 

250 

600 

2.5 

9.4  X  10** 

500°C 

250 

600 

3.0 

3.1  X  10** 

Room  Temp. 

350 

750 

8.0 

3-1  X  10** 

500°C 

300 

9.0 

3.1  X  10*’ 

Room  Temp. 

1 

1 

1 

— 

— — 

3.1  X  10*’ 

500°C 

300 

750 

6.0 

Table  3.3  SIMS  Data  for  Argon  Implanted  Hard  Chromium 


TOTAL  MAXIMUM 

DOSE  IMPLANTATION  RANGE  DEPTH  CONCENTRATION 
(ATOMS/CM*)  TEMPERATURE  (A)  (A)  (ATOMIC  %) 


9.4  X  10** 

Room  Temp. 

200 

550 

2.5 

9.4‘x  10** 

500®C 

200 

550 

2.5 

3.1  X  10** 

Room  Temp. 

250 

800 

8.0 

3.1  X  10** 

500°C 

300 

800 

8.0 

3.1  X  10*’ 

Room  Temp. 

1 

1 

1 

t 

1 

1 

1 

— — 

3.1  X  10*’ 

500°C 

300  . 

850 

19.0 

Table  3.4  SIMS  Data  for  Argon  Implanted  Low  Contraction  Chromium 


atomic  percent  value  for  the  implanted  ion. 

In  some  of  the  samples,  a  distinct  carbon  film  was  observed  on  the  surface  of 
the  implanted  chromium.  Figure  3.5  shows  a  typical  example  of  this  kind  of  film. 
For  these  samples,  the  position  of  the  chromium  surface  was  determined  to  begin 
where  the  chromium  atomic  percent  concentration  was  50%.  The  range  and  total 
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Figure  3.5  Nitrogen  concentration  depth  profile  showing  carbon  film  on 

surface  of  sample.  Sample  was  low  contraction  chromium  plated 
and  implanted  with  a  dose  of  3.1  x  10^’  atoms/cm^  at  room 
temperature. 
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depth  values  were  then  measured  from  this  position.  The  only  exception  to  this  rule 
was  made  for  the  samples  implanted  at  the  highest  dose,  3.1  x  10^®  atoms/cm^  In 
these  four  samples,  the  carbon  and  oxygen  seemed  to  be  incorporated  into  the 
chromium  surface  and  a  distinct  surface  layer  was  not  observed,  as  shown 
representatively  in  Figure  3.6.  nierefore,  in  these  samples,  the  values  for  the  range 
and  total  depth  were  measured  directly  from  the  graphs  without  any  correction  factor. 

In  the  nitrogen  implanted  samples,  the  range,  total  depth,  and  maximum 
concentration  increased  with  an  increasing  dose.  There  was  very  little  difference  in 
the  values  obtained  for  the  two  lower  doses  measured.  But,  in  the  two  higher  doses,  a 
substantial  increase  was  observed  compared  to  the  lower  dose  values.  The  maximum 
atomic  concentration  increased  from  about  2%  to  40%,  while  the  range  and  total  depth 
approximately  doubled.  A  valid  SIMS  measurement  for  the  low  contraction  chromium 
plated  sample  implanted  with  a  dose  of  9.4  x  10*^  atoms/cm^  at  elevated  temperature 
was  not  obtained. 

In  the  argon  implanted  samples,  the  range  remained  approximately  the  same 
regardless  of  the  implantation  dose  and  temperature.  The  maximum  atomic 
concentration  did  increase  slightly  at  the  two  higher  doses  measured.  In  the  two  room 
temperature  samples  with  a  dose  of  3.1  x  10*’  atoms/cm^  valid  measurements  from  the 
SIMS  graphs  could  not  be  obtained  due  to  an  unusually  large  amount  of  carbon 
present  throughout  the  implanted  region. 

In  both  kinds  of  chromium,  the  shape  of  the  ion  distribution  curves  obtained 
were  similar  for  each  of  the  conditions  tested.  For  example,  an  elevated  temperature. 
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hard  chromium  sample  implanted  at  a  dose  of  3.1  x  10"  atoms/cm^  had  a  similar 
shape  nitrogen  concentration  depth  profile  as  the  low  contraction  chromium  sample 
implanted  at  the  same  temperature  and  dose.  The  shapes  of  the  nitrogen  and  argon 
concentration  profiles,  for  the  most  part,  were  Gaussian  (see  Figure  3.5).  The  only 
notable  exceptions  were  the  samples  implanted  with  nitrogen  at  the  two  highest  doses 
measured. 

For  the  3.1  X  10"  atoms/cm^  dose,  the  ion  distribution  curve  broadened  at  the 
elevated  temperature.  Figure  3.7,  as  compared  to  the  room  temperature  condition, 
shown  previously  in  Figure  3.5.  The  sample  showed  nitrogen  diffusion  had  occurred 
both  toward  the  surface  and  into  the  sample.  For  both  kinds  of  chromium,  the 
maximum  atomic  concentration  decreased  slightly  at  the  elevated  temperature 
condition.  This  suggests  that  the  elevated  temperature  implantation  served  to 
redistribute  the  nitrogen  concentration  within  the  samples. 

At  the  highest  implanted  dose,  3.1  x  10‘®  atoms/cm^,  the  distribution  curves 
deviated  considerably  from  Gaussian  for  both  the  room  temperature  and  elevated 
temperature  conditions.  Figtue  3.6  showed  an  example  of  the  concentration  profiles 
that  were  measured.  In  the  room  and  elevated  temperature  samples,  the  nitrogen 
atomic  percent  concentration  was  much  higher  at  the  surface  than  in  any  of  the  lower 
dose  samples.  In  the  elevated  temperature  sanples,  there  also  seemed  to  be  nitrogen 
diffusion  occurring  into  the  sample. 

Retained  dose  measurements  were  also  conducted  on  the  highest  dose  nitrogen 
implanted  samples.  For  the  low  contraction  chromium,  the  retained  dose  was 
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measured  to  be  2.7  x  10*’  atoms/cm^  for  the  room  temperature  condition  and  4.5  x 
10*’  atoms/cm^  for  the  elevated  temperature  condition.  For  the  hard  chromium,  the 
retained  dose  measurements  were  4.6  x  10*’  atoms/cm^  and  5.3  x  10*’  atoms/cm^  for 
the  room  and  elevated  temperature  conditions,  respectively.  In  both  kinds  of 
chromium,  the  retained  dose  was  slightly  higher  in  the  samples  implanted  at  elevated 
temperature  than  the  ones  implanted  at  room  temperature.  For  the  same  implantation 
conditions,  the  hard  chromium  samples  appeared  to  have  a  slightly  higher  amount  of 
retained  nitrogen  than  the  low  contraction  chromium  samples. 

Theoretical  nitrogen  and  argon  ion  distribution  curves  were  obtained  by  TRIM 
computer  simulations  and  compared  to  the  actual  SIMS  profiles.  Figures  3.8  and  3.9 
show  the  predicted  range  for  ions  with  an  energy  of  75  keV  implanted  into  pure 
chromium.  The  ion  range  for  nitrogen  was  926A  with  a  total  depth  of  approximately 
1800A.  Compared  to  the  actual  measurements,  the  simulation  values  most  closely 
resemble  the  3.1  x  10*’  atom/cm*  dose  samples.  The  samples  implanted  with  a  lower 
dose  are  slightly  below  the  predicted  values  and  the  samples  implanted  at  a  higher 
dose  are  slightly  above.  The  ion  range  for  argon  was  385A  with  a  total  depth  of 
approximately  900A.  In  all  cases,  the  simulation  predicted  slightly  higher  values  than 
were  acmally  obtained  in  the  samples. 

3.3  Hardness  Measurements 

The  Knoop  microhardness  was  measured  at  various  loads  for  both  kinds  of 
chromium  and  the  results  are  displayed  graphically  in  Figures  3.10  to  3.15.  The  error 
bars  shown  represent  a  95%  confidence  level  for  the  mean  h^dness  values.  In  other 
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Ion  range  distribution  of  75  keV  nitrogen  ions  as  obtained  by 
TRIM  computer  simulation. 
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Figure  3.9  Ion  range  distribution  of  75  keV  argon  ions  as  obtained  by 
TRIM  computer  simulation. 
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gure  3.10  Knoop  microhardness  data  for  the  room  temperature,  nitrogen 
implanted  hard  chromium.  Error  bars  represent  a  95% 
confidence  level  for  the  mean  hardness. 
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Figure  3.11  Knoop  microhardness  data  for  the  room  temperature,  nitrogen 
implanted  low  contraction  chromium.  Error  bars  represent  a 
95%  confidence  level  for  the  mean  hardness. 
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3.12  Knoop  microhardness  data  for  the  elevated  temperature,  nitrogen 
implanted  hard  chromium.  Error  bars  represent  a  95% 
confidence  level  for  the  mean  hardness. 
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Figure  3.13  Knoop  microhardness  data  for  the  elevated  temperature,  nitrogen 
implanted  low  contraction  chromium.  Error  bars  represent  a 
95%  confidence  level  for  the  mean  hardness. 
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Knoop  microhardness  data  for  the  argon  implanted  hard 
chromium.  Error  bars  represent  a  95%  confidence  level  for  the 
mean  hardness. 
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Figure  3.15  Knoop  microhardness  data  for  the  argon  implanted  low 

contraction  chromium.  Error  bars  represent  a  95%  confidence 
level  for  the  mean  hardness. 
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words,  with  the  hardness  measurements  obtained,  95  out  of  100  times  the  mean  will 
fall  within  the  range  shown.  For  the  unimplanted  chromium,  the  hardness  increase 
observed  at  the  lower  loads  is  a  known  artifact  of  the  hardness  testing  method^. 

The  room  temperature,  nitrogen  implanted  samples  cfisplayed  the  largest 
increase  in  hardness  in  both  kinds  of  chromium.  For  the  hard  chromium,  in  general, 
the  hardness  increased  with  an  increasing  dose.  At  the  5-gram  load,  the  maximum 
hardness  was  obtained  in  the  9.9  x  10^’  atoms/cm^  dose  sample.  The  hardness  was 
increased  to  approximately  three  times  the  hardness  of  the  unimplanted  chromium.  In 
the  low  contraction  chromium,  the  trend  of  increasing  hardness  was  somewhat  less 
pronounced,  although  the  three  higher  doses  were  the  three  hardest  measured  samples. 
At  the  5-gram  load,  the  maximum  hardness  was  seen  in  the  3.1  x  10^*  atoms/cm^  dose 
which  was  slightly  less  than  twice  the  hardness  of  the  unimplanted  sample. 

In  the  elevated  temperature,  nitrogen  implanted  samples,  there  was  a  softening 
of  the  chromium  observed  in  some  cases.  These  samples  were  softer  than  the 
unimplanted  chromium  even  at  the  heavier  loads  tested.  This  implies  that  the 
softening  was  likely  due  to  the  bulk  chromium  being  affected  by  the  elevated 
temperature  condition  rather  than  a  result  of  the  implantation  process  itself.  Even  with 
softening,  some  of  these  samples  showed  an  increase  in  hardness  at  the  lower  loads. 

In  the  hard  chromium,  three  of  the  five  implanted  samples  displayed  a  softening  of  the 
chromium.  For  the  two  samples  that  seemed  unaffected  by  the  temperature,  the 
hardness  was  increased  with  an  increasing  dose.  At  the  5-gram  load,  the  mayimnm 
hardness  was  achieved  at  the  9.9  x  10^’  atoms/cm^  dose.  The  sample  was 
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approximately  40%  harder  than  the  unimplanted  chromium.  In  the  low  contraction 
chromium,  two  of  the  five  implanted  samples  were  affected  by  the  elevated 
temperature.  At  the  5-gram  load,  the  greatest  increase  in  hardness  was  at  the  3.1  x 
10**  atoms/cm^  dose.  The  sample  was  approximately  75%  harder  than  the  unimplanted 
chromium. 

In  the  argon  implanted  chromium,  most  of  the  samples  implanted  at  the 
elevated  temperature  observed  a  softening  in  the  plating.  In  general,  the  hardness 
seemed  to  increase  with  a  decreasing  dose.  In  both  kinds  of  chromium,  the  hardness 
was  increased  approximately  40%  compared  to  the  unimplanted  chromium  at  the  5- 
gram  load. 

In  most  of  the  implanted  samples,  there  was  a  substantial  increase  in  hardness 
observed  from  the  200-gram  load  to  the  5-gram  load.  The  depth  of  the  indentation  at 
the  200-gram  load  was  ~  1.9  pm  for  the  hard  chromium  and  ~  2.6  pm  for  the  low 
contraction  chromium.  At  the  5-gram  load,  the  depth  varied  from  ~  0.14  to  0.22  pm 
for  the  hard  chromium  and  ~  0.26  to  0.34  pm  for  the  low  contraction  chromium. 
Therefore,  the  200-gram  load  primarily  measured  the  hardness  of  the  bulk  chromium, 
while  the  5-gram  load  measured  the  hardness  of  the  chromium  in  the  near  surface. 

The  increase  in  hardness  at  decreasing  loads  indicates  that  the  surface  region  was 
much  harder  than  the  underlying  region.  Based  on  the  SIMS  and  AES  measurements, 
the  thickness  of  the  nitrogen  implanted  layer  was  about  0.10  to  0.28  pm.  Therefore, 
even  at  the  5-gram  load,  the  surface  hardness  is  probably  underestimated  due  to  the 
contribution  of  the  underlying,  bulk  chromium. 
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3.4  Friction  and  Wear  Testing 

The  results  of  the  disk  volume  loss  and  the  friction  coefficient  measurements 
are  shown  in  Tables  3.5  through  3.8.  During  the  wear  testing,  most  of  the  samples 
experienced  a  run-in  period  before  settling  to  a  relatively  constant  friction  coefficient 
value.  Figure  3.16  shows  a  typical  plot  of  the  measured  coefficient  of  friction.  There 
were,  however,  some  samples  that  showed  a  continuously  varying  coefficient  of 
friction.  For  these  samples,  the  range  of  values  observed  was  documented.  A  valid 
wear  test  was  never  obtained  for  the  hard  ctopmium  sample  implanted  with  nitrogen  at 
a  dose  of  3.1  x  atoms/cm^  at  elevated  temperature. 

The  nitrogen  implanted  samples  all  experienced  a  decrease  in  the  wear  rate  and 
coefficient  of  friction  with  increasing  dose.  The  friction  coefficient  for  both  the  hard 
chromium  and  the  low  contraction  chromium  was  measured  to  be  around  p  «  0.50  to 
0.75  with  an  average  of  approximately  0.65^  At  the  lower  two  doses  tested,  the 
elevated  temperature  samples  seemed  to  have  improved  wear  and  friction 
characteristics  compared  to  the  room  temperature  samples  at  the  same  condition. 

Figure  3.17  shows  the  difference  observed  for  a  low  contraction  chromium  sample 
implanted  with  a  dose  of  3.1  x  10*’  atoms/cm’  at  elevated  temperature  as  compared  to 
the  room  temperature  condition,  shown  previously  in  Figure  3.16.  The  greatest 
reduction  in  the  friction  coefficient  was  for  the  highest  dose  tested,  9.9  x  10*’ 
atoms/cm^,  at  both  the  room  temperature  and  elevated  temperature  conditions.  The 
coefficient  of  friction  was  reduced  approximately  50%  in  both  kinds  of  chromium. 

The  argon  implanted  samples  all  experienced  the  same  or  worse  wear  rate  as 
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DOSE  IMPLANTATION  DISK  WEAR  FRICTION 

(ATOMS/CM")  TEMPERATURE  (mm")  COEFFICIENT,  ^ 


Unimplanted 

— 

0.0132 

.50  -  .75 

3.1  X 

Room  Temp. 

1 

1 

1 

I 

3.1  X  10'® 

500°C 

negligible 

.45  -  .55 

3.1  X  10" 

Room  Temp. 

0.0154 

.55 

3.1  X  10" 

500°C 

negligible 

.37 

9.9  X  10" 

Room  Temp. 

negligible 

.28 

9.9  X  10" 

500®C 

negligible 

.32  -  .35 

Table  3.5  Wear  and  Friction  Data  for  Nitrogen  Implanted  Hard  Chromium 


DOSE  IMPLANTATION  DISK  WEAR  FRICTION 

(ATOMS/CM")  TEMPERATURE  (mm")  COEFFICIENT,  p 


Unimplanted 

0.0194 

.55  -  .70 

3.1  X  10'® 

Room  Temp. 

0.0146 

.62 

3.1  X  10'® 

500°C 

0.0283 

.57 

3.1  X  10" 

Room  Temp. 

0.0269 

.62 

3.1  X  10" 

500°C 

negligible 

.4 

9.9  X  10'’ 

Room  Temp. 

negligible 

.31 

9.9  X  10" 

500®C 

negligible 

.26  -  .34 

Table  3.6  Wear  and  Friction  Data  for  Nitrogen  Implanted  Low  Contraction  Chromium 
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DOSE  IMPLANTATION  DISK  WEAR  FRICTION 

(ATOMS/CM^)  TEMPERATURE  (mm^)  COEFFICIENT,  ^ 


Table  3.7  Wear  and  Friction  Data  for  Argon  Implanted  Hard  Chromium. 

*  Denotes  sample  experienced  a  breakthrough  of  the  implanted  layer. 


DOSE  IMPLANTATION  DISK  WEAR  FRICTION 


(ATOMS/CIVF)  TEMPERATURE  (mm^)  COEFFICIENT,  p 


Unimplanted 

0.0194 

.55  -  .70 

3.1  X  10^"* 

Room  Temp. 

0.0233 

.33*  .55  -  .70 

3.1  X  10*® 

500°C 

0.0188 

.57  -  .70 

3.1  X  10" 

Room  Temp. 

0.0208 

.55  -  .60 

3.1x10" 

500°C 

0.0160 

.62  -  .70 

Table  3.8  Wear  and  Friction  Data  for  Argon  Implanted  Low  Contraction  Chromium. 
*  Denotes  sample  experienced  a  breakthrough  of  the  implanted  layer. 
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Figure  3.16  Typical  friction  coefficient  plot.  The  sample  was  low 

contraction  chromium  plated  and  implanted  with  nitrogen  at 
room  temperature  with  a  dose  of  3.1  x  10^’  atoms/cm^. 


Figure  3.17  Friction  coefficient  plot  for  a  low  contraction  chromium  sample 
implanted  with  nitrogen  at  500  °C  with  a  dose  of  3.1  x  10^’ 
atoms/cm^. 
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the  unimplanted  samples.  Three  of  the  samples  did  display  an  initial  improvement  in 
the  friction  coefficient  before  a  breakthrough  of  the  implanted  layer  occurred.  Break¬ 
through  is  characterized  by  a  sharp  increase  in  the  friction  coefficient  with  the  value 
returning  to  that  of  the  unimplanted  chromium.  Figure  3.18  shows  a  breakthrough  of 
the  implanted  layer  at  approximately  7  to  8  minutes  into  the  wear  test.  The  two 
elevated  temperature,  hard  chromium  samples,  with  a  dose  of  3.1  x  10'®  and  3.1  x  10'^ 
atoms/cm^,  experienced  breakthrough  at  2  to  3  minutes  and  40  minutes  into  the  wear 
test,  respectively.  The  remaining  samples  showed  no  improvement  in  the  friction 
coefficient. 

Optical  profilometry  was  conducted  on  selected  samples  to  further  characterize 
the  wear  tracks.  Figures  3.19  and  3.20  show  the  difference  in  wear  observed  for  two 
nitrogen  implanted,  hard  chromium  samples.  Figure  3.19  shows  the  wear  track  for  a 
sample  implanted  at  room  temperature  with  a  dose  of  3.1  x  10'’  atoms/cm^.  Figure 
3.20  shows  the  negligible  wear  observed  for  a  sample  implanted  at  room  temperature 
with  a  dose  of  9.9  x  10'’  atoms/cm^ 

3.5  SEM  Examination 

The  surface  of  the  implanted  chromium  plated  samples  was  examined  using  a 
scanning  electron  microscope.  The  only  notable  feature  that  was  observed  was  the 
presence  of  bubbles  in  the  two  higher-dose,  9.9  x  10'’  atoms/cm’  and  3.1  x  10'* 
atoms/cm^  nitrogen  implanted  samples.  Figure  3.21  shows  a  representative  SEM 
micrograph  depicting  this  feature.  Bubbles  were  seen  on  the  room  temperature 
samples,  but  were  not  observed  on  the  elevated  temperature  samples. 


Figure  3.18  Friction  coefficient  for  an  argon  implanted  sample  displaying 
break-through  of  the  implanted  layer  at  approximately  7-8 
minutes  into  the  wear  test.  The  sample  was  plated  with  low 
contraction  chromium  and  implanted  at  room  temperature  with  a 
dose  of  3.1  X  10^*  atoms/cm^. 
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Figure  3.19  Optical  profilometry  of  a  sample  that  had  experienced 

measurable  disk  volume  loss  during  wear  testing.  The  sample 
was  hard  chromium  plated  and  implanted  with  nitrogen  at  room 
temperature  and  a  dose  of  3.1  x  10^’  atoms/cm^. 
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Figure  3.20  Optical  profilometry  of  a  sample  that  had  experienced  negligible 
disk  volume  loss  during  wear  testing.  The  sample  was  hard 
chromium  plated  and  implanted  with  nitrogen  at  room 
temperature  and  a  dose  of  9.9  x  10^’  atoms/cm^. 
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Figure  3.21  SEM  micrograph  of  the  bubbles  observed  on  the  surface  of  the 
higher  dose,  room  temperature,  nitrogen  implanted  samples. 
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The  appearance  of  the  wear  track  was  also  examined  using  an  SEM.  In  the 
samples  that  displayed  measurable  wear,  the  low  contraction  chromium  and  hard 
chromium  wear  tracks  displayed  similar  appearances  to  their  unimplanted  samples. 
Figures  3.22  and  3.23  show  typical  SEM  micrographs  of  the  worn  surfaces  for  both 
low  contraction  and  hard  chromium,  respectively.  In  the  samples  that  displayed 
negligible  wear,  the  surface  appeared  to  be  slightly  affected  by  the  wear  testing. 
Samples  plated  with  both  kinds  of  chromium  displayed  only  small  grooves  in  the  wear 
track.  Figures  3.24  and  3.25  show  the  relatively  negligible  wear  observed  on  the 
surface  of  a  low  contraction  chromium  and  hard  chromium  plated  surface, 
respectively. 


143  /am 

Typical  SEM  micrograph  of  the  worn  low  contraction  chromium 
surface  after  wear  testing  for  60  minutes  with  a  50  gram  load  at 
10  cm/sec. 


Figure  3.22 


Typical  SEM  micrograph  of  the  worn  hard  chromium  surface 
after  wear  testing  for  60  minutes  with  a  50  gram  load  at  10 
cm/sec. 


14.3  fmi 

SEM  micrograph  of  the  wear  track  in  the  nitrogen  implanted  low 
contraction  chromium  plating.  The  sample  was  implanted  with  a 
dose  of  3.1  X  10'^  atoms/cm"  at  an  implantation  temperature  of 
500  ”C. 
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Figure  3.25  SEM  micrograph  of  the  wear  track  in  the  nitrogen  implanted 
hard  chromium  plating.  The  sample  w-as  implanted  with  a  dos 
of  3.1  X  10‘^’  atoras/cm'at  an  implantation  temperature  of 


4.  DISCUSSION  OF  RESULTS 


An  improvement  in  the  surface  properties  of  ion  implanted  electroplated 
chromium  was  observed  for  a  number  of  different  process  conditions.  Based  on  the 
results  obtained  in  this  research,  several  observations  can  be  made. 

4.1  Effects  of  Ion  Species 

The  hardness,  friction,  and  wear  properties  were  all  improved  with  the 
implantation  of  nitrogen  at  sufficiently  high  ion  doses.  For  the  samples  implanted 
with  argon,  there  was  no  improvement  in  the  wear  resistance,  an  initial  improvement 
in  the  fiiction  coefficient  for  three  samples,  and  a  slight  increase  in  the  surface 
hardness.  Therefore,  the  improvement  in  properties  can  most  likely  be  attributed 
to  a  chemical  effect  occurring  between  the  chromium  and  nitrogen  rather  than  an 
effect  produced  by  the  implantation  process  itself.  This  observation  has  been 
supported  by  several  researchers^®’^’^®  who  have  found  the  presence  of  chromium 
nitrides,  CrN  or  CtjN.  in  nitrogen  implanted  electroplated  chromium.  Unfortunately, 
there  is  not  universal  agreement  as  to  the  mechanisms  behind  these  improved 
properties.  A  number  of  theories  have  been  suggested  in  the  literature  and  are 
discussed  below. 

Onate  et  al.^®  suggested  that  the  increase  in  hardness  was  the  result  of 
precipitation  hardening  rather  than  interstitial  or  solid  solution  hardening.  They  stated 
Aat  chromium  nitrides  were  50%  harder  than  the  bulk  hard  chromium.  Hutchings®®, 
however,  proposed  that  the  increase  in  hardness  was  the  result  of  solid  solution 
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hardening,  the  formation  of  nitride  layers,  and  precipitation  hardening.  Oliver  et  al.^^ 
similarly  suggested  that  the  hardness  increase  may  be  attributed  to  residual  stress, 
interstitial  hardening,  as  well  as  nitride  precipitation.  According  to  the  results  found  in 
this  report,  there  are  definitely  contributions  from  mechanisms  other  than  just 
precipitation  hardening  and  nitride  formation.  The  approximately  40%  increase  in 
hardness  observed  for  the  argon  implanted  samples  supports  this  claim.  Whether  the 
increase  is  from  interstitial  or  solid  solution  hardening,  the  stress  induced  in  the 
surface  due  to  the  lattice  strain,  ot  another  mechanism  cannot  be  determined  from  the 
results  obtained  here.  The  majority  of  the  improvement  observed  in  the  nitrogen 
implanted  samples  is,  however,  most  likely  due  to  the  formation  of  nitride  layers  and 
precipitation  hardening. 

There  are  also  differing  theories  as  to  the  reasons  behind  the  improvement  in 
wear  properties.  Xie  et  al.'^  proposed  that  the  wear  resistance  was  improved  due  to 
the  nitrides  being  effective  at  pinning  dislocations,  whereas  Hutchings^  proposed  that 
the  volume  expansion  associated  with  nitride  formation  produced  residual  stresses  in 
the  surface  of  the  hard  chromium  thereby  closing  the  surface  microcracks.  The  results 
obtained  in  the  present  research  do  not  support  Hutchings’  theory.  Similar 
improvements  in  the  wear  and  friction  properties  were  observed  for  both  the  hard 
chromium  and  the  relatively  crack-free,  low  contraction  chromium.  Therefore,  the 
closing  of  microcracks  is  most  likely  not  the  dominant  wear  improvement  mechanism. 

4.2  Effects  of  Ion  Dose 

In  general,  the  hardness,  friction,  and  wear  properties  were  improved  with  an 
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increasing  nitrogen  dose.  This  trend  has  also  been  reported  by  several  authors  in  the 
literature^*’^^’^^  In  the  present  research,  the  two  highest  doses,  9.9  x  10*’  atoms/cm^ 
and  3.1  X  I0‘®  atoms/cm^  displayed  the  greatest  improvement  in  hardness  for  the  hard 
chromium,  and  the  highest  dose  showed  the  greatest  improvement  for  the  low 
contraction  chromium.  The  maximum  increase  in  hardness  was  observed  at  the  5- 
gram  load  for  the  room  temperature,  nitrogen  implanted  samples.  A  hardness 
improvement  of  three  times  that  of  the  unin^lanted  hard  chromium  and  slightly  less 
than  twice  that  of  the  unimplanted  low  contraction  chromium  was  measured.  This 
increase  is  slightly  higher  than  the  1.4  to  2.6  improvement  factor  reported  by  some 
researchers*®’^^^.  A  possible  explanation  for  this  may  be  the  different  hardness 
methods  used  or  a  lighter  testing  load  employed.  As  mentioned  previously,  the  Knoop 
microhardness  indenter,  for  a  given  test  force,  produces  a  diagonal  that  is  about  three 
times  as  long  and  a  depth  of  indentation  that  is  about  two-thirds  of  the  values 
produced  by  the  Vickers  indenter.  Therefore,  at  a  similar  gram  force,  the  Vickers 
indenter  is  measuring  more  of  the  underlying,  unimplanted  chromium  than  the  Knoop 
indenter.  A  higher  testing  load  may  also  give  less  significant  increases  in  hardness. 

In  the  research  by  Ferber  et  al.^^,  they  used  a  Knoop  diamond  indenter  with  a  10-gram 
load  and  saw  about  a  1.6  factor  of  improvement  Their  increase  in  hardness  is  similar 
to  that  observed  for  the  10-gram  load  in  the  present  research. 

The  greatest  improvement  in  the  friction  coefficient  was  observed  for  the 
highest  dose  tested,  9.9  x  10*’  atoms/cm^.  The  coefficient  of  friction  for  both  kinds  of 
chromium  was  reduced  by  approximately  50%.  In  the  wear  testing,  the  two  highest 
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doses,  3.1  X  10^’  and  9.9  x  10”  atoms/cirf,  exhibited  negligible  wear.  Comparison  of 
these  results  with  other  research  was  extremely  difficult.  Friction  coefficient  values 
and  wear  loss  measurements  are  sensitive  to  the  load,  speed,  temperature,  and 
lubrication  condition  used  in  the  wear  test.  Similar  results  cannot  be  extrapolated 
from  differing  test  conditions.  Some  of  the  improvements  observed  in  the  literature 
for  hard  chromium  are  mentioned  below.  Oliver  et  al.^^  observed  a  wear  rate  decrease 
of  at  least  a  factor  of  20  with  a  5-tnm  ball  at  a  velocity  of  5.65  x  10'^  m/s^  at  loads  of 
5.2  and  10.5  N.  Onate  et  al.”  saw  a  reduction  factor  in  the  wear  resistance  of  about 
four  times  under  lubricated  test  conditions  at  a  710  N  load.  Fischer  et  al.^  observed  a 
31%  wear  reduction  and  a  7%  coefficient  of  ffiction  reduction  using  a  7.94-mm  ball  at 
a  load  of  8.3  N  with  a  mean  sliding  velocity  of  20  mm/s. 

The  maximum  atomic  concentration  was  increased  with  an  increasing  dose.  In 
similar  research  conducted  on  nitrogen  implanted  electroplated  chromium^®’^^^,  the 
maximum  concentration  was  found  to  be  approximately  35  to  45  at%.  These  reported 
values  are  in  close  agreement  with  the  results  obtained  in  this  report.  The  shape  of 
the  nitrogen  concentration  profile  was  also  affected  by  the  ion  dose.  At  the  highest 
dose,  3.1  X  10”  atoms/cm^  the  profile  no  longer  appeared  Gaussian,  see  Figure  3.6. 
The  samples  contained  a  higher  concentration  of  nitrogen  at  the  surface  than  any  of 
the  lower  dose  samples.  Using  an  estimated  sputtering  yield  of  0.3^’^^’^®,  at  this  dose 
approximately  500  to  650  A  of  material  would  be  removed.  With  the  range  being 
about  two  to  three  times  this  depth,  the  change  in  shape  could  not  be  accounted  for  by 
sputtering  effects  alone.  A  possible  explanation  for  the  shape  is  the  effects  of 
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radiation-enhanced  diffusion.  This  would  account  for  the  preferential  diffusion  of 
nitrogen  toward  the  surface  that  was  not  observed  in  any  of  the  lower  dose  samples. 
This  theory  is  also  supported  by  the  increased  amount  of  oxygen  and  carbon  mixing 
observed  in  the  surface  of  these  samples. 

4.3  Effects  of  Implantation  Temperature 

A  change  in  the  ion  concentration  profile  at  elevated  temperature  implantation 
compared  to  room  temperature  has  been  well  documented^^-*^-^^.  In  this  research, 
nitrogen  diffusion  was  observed  in  the  two  highest  doses  tested,  3.1  x  10”  and  3.1  x 
10*®  atoms/cm^  at  the  elevated  tempaature  condition.  In  the  lower  dose,  a  broadening 
and  flattening  out  of  the  nitrogen  concentration  profiles  was  observed  compared  to  the 
room  temperature  samples.  In  the  higher  dose,  the  elevated  temperature  condition 
showed  significant  diffusion  of  nitrogen  into  the  sample  that  was  not  observed  in  the 
room  temperature  conditions. 

For  the  intermediate  doses  examined,  3.1  x  10*®  and  3.1  x  10*’  atoms/cm^,  the 
elevated  temperature,  nitrogen  implanted  samples  appeared  to  have  improved  friction 
and  wear  properties,  in  some  cases,  as  compared  to  the  room  temperature  samples 
implanted  at  the  same  conditions.  It  has  been  suggested*^  that  the  improvement  may 
be  the  result  of  the  broadened  distribution  in  these  samples  or  the  presence  of  more 
stable  nitrides  formed  during  the  high  temperature  implantations.  The  properties  may 
also  have  been  affected  by  the  softening  observed  in  the  base  chromium  as  a  result  of 
the  elevated  temperature  implantation. 
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4.4  Effects  on  Microstructure 

For  the  most  part,  the  observed  effects  of  ion  implantation  on  the  hardness, 
friction,  and  wear  properties  were  the  same  for  both  kinds  of  chromium.  The  only 
notable  exception  was  the  improvement  in  hardness  for  the  nitrogen  implanted,  room 
temperature  condition.  In  the  hard  chromium,  the  hardness  increased  approximately 
three  times  that  of  the  unimplanted  sample,  whereas  the  low  contraction  chromium 
increased  slightly  less  than  twice  that  of  the  unimplanted  sample.  The  only  other 
difference  observed  in  the  two  kinds  of  chromium  was  that  the  amount  of  retained 
nitrogen  was  slightly  higher  in  the  hard  chromium  as  compared  to  the  low  contraction 


chromium. 


5.  CONCLUSIONS 


The  effects  of  ion  implantation  on  two  kinds  of  electroplated  chromium  have 
been  studied.  Both  hard  chromium  and  low  contraction  chromium  were  implanted 
with  nitrogen  or  argon  at  both  room  temperature  and  500°C.  The  hardness,  wear,  and 
friction  properties  were  examined  in  the  resulting  films.  The  ion  concentration  depth 
profiles  were  also  measured  in  order  to  characterize  the  implanted  films.  Scanning 
electron  microscopy  was  used  to  examine  the  surface  of  the  implanted  chromium  and 
to  further  characterize  the  wear  tracks. 

The  greatest  improvement  in  the  properties  was  observed  for  the  nitrogen 
implantations.  This  was  attributed  to  the  formation  of  chromium  nitrides  in  the 
implanted  films.  In  general,  the  hardness,  wear,  and  friction  properties  improved  witii 
an  increasing  nitrogen  dose.  At  the  intermediate  doses  tested,  some  of  the  elevated 
temperature,  nitrogen  implanted  samples  showed  improved  friction  and  wear  properties 
compared  to  the  room  temperature  samples  implanted  at  the  same  condition.  The 
improvement  may  be  attributed  to  a  broadening  of  the  nitrogen  concentration  profile 
observed  in  these  samples.  The  elevated  temperature  implantations  also  appeared  to 
decrease  the  hardness  of  the  bulk  chromium.  For  the  room  temperature  samples,  the 
maximum  increase  in  hardness  was  observed  at  the  5-gram  load  for  the  nitrogen 
implanted  samples.  The  hardness  was  increased  three  times  that  of  the  unimplanted 
hard  chromium  and  slightly  less  than  twice  that  of  the  unimplanted  low  contraction 
chromium.  It  was  determined  that  the  improvement  in  hardness  was  most  likely  due 
to  the  formation  of  nitrides  and  precipitation  hardening,  although  there  was  a 
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contribution  from  some  other  mechanism,  most  likely  interstitial  or  solid  solution 
hardening  or  residual  stresses.  At  the  highest  dose  examined,  the  maximum  nitrogen 
concentration  reached  approximately  43  at%. 


6.  RECOMMENDATIONS 


There  are  a  number  of  experiments  that  might  further  the  understanding  of  the 
results  obtained  in  this  report.  A  chemical  and  microstmctural  evaluation  of  the 
implanted  surfaces  via  x-ray  photoelectron  spectroscopy  and  transmission  electron 
microscopy  might  verify  the  presence  of  chromium  nitrides  and  suggest  more 
definitive  mechanisms  for  the  improvement  in  tribological  properties.  The  elevated 
temperature  implantations  might  also  be  performed  at  slightly  lower  temperatures  to 
determine  if  the  beneficial  effects  observed  in  the  wear  and  friction  properties  at  the 
intermediate  doses  was  a  result  of  softening  of  the  base  chromium  or  due  to  the 
broadening  of  the  concentration  profiles.  It  would  also  be  interesting  to  observe  if  the 
hardness  increase  in  the  elevated  temperature  samples  is  comparable  to  or  better  than 
the  room  temperature  condition.  Samples  implanted  at  room  temperature  might  also 
be  annealed  after  implantation  and  compared  to  the  elevated  temperature  samples. 

This  might  determine  if  the  diffusion  observed  in  the  nitrogen  concentration  profiles  is 
the  result  of  thermal  diffusion  alone  or  the  result  of  effects  in  the  elevated  temperature 
implantation  process. 
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